INTRODUCTION
In recent decades, afforestation of agricultural land has been an important land use change both in Finland and in other European Union countries. The general concern about surpluses of agricultural products has promoted forestry as an alternative land use to agriculture. In Finland, large-scale afforestation, aiming at reducing the area under cultivation, began in the late 1960s. At present, over 240 000 ha of arable land, i.e. some 11% of the total area of arable land (corresponding to 1% of the area of forest land), has been afforested (Finnish Statistical… 2003) .
In Finland, arable lands are mostly mineral soils, and organic soils account for only 14% of the total area of arable land (Myllys and Sinkkonen 2004) . Arable mineral soils are mainly fine-textured, sorted soils except in the eastern part of the country, where the prevailing soil type is till (Kähäri et al. 1987) . In Finnish arable soils, as classified according to the FAO/Unesco system, Cambisols are most frequent; but Podzols, Regosols, Gleysols, Arenosols and Histosols have also been identified (Yli-Halla et al. 2000) .
Ploughing and tilling results in mixing of the topsoil, decreased soil bulk density and increased total porosity (Lindstrom and Onstad 1984) . Changes in porosity occur mainly in the larger pore-size range (Lindstrom and Onstad 1984 , Mapa et al. 1986 , Ahuja et al. 1998 . These changes diminish gradually with time due to reconsolidation of soil caused by the impact of water drops and by wetting and drying of the soil (Cassel 1983 , Rousseva et al. 1988 , Makeschin 1994 . As opposed to ploughing, vehicular traffic compacts the soil and reduces aeration (Domżał et al. 1993 , Czyż 2004 ). On mineral soils, cultivation commonly decreases the organic matter content of the soil by reducing inputs of plant litter and enhancing decomposition of organic matter due to elevated soil temperature and physical mixing (Mann 1986 , Johnson 1992 ). On cultivated peatlands, drainage profoundly changes the hydrology of the site and results in reduced water content, increased bulk density and reduced organic matter content of soil (McLay et al. 1992) . Furthermore, in cultivated peatlands the addition of mineral soil as a soil-improving agent results in an additional increase in bulk density as well as an increase in ash content (Pessi 1961a (Pessi , 1961b .
In Finland, the application of lime and fertilizers in agriculture has increased considerably from the 1950s to the 1980s. This has led to a marked increase in soil pH and plant-available amounts of P, Ca, K and Mg in Finnish cultivated soils (Urvas 1985 , Kähäri et al. 1987 , Erviö et al. 1990 ). Under other conditions, various effects of previous agricultural land use on chemical properties of soil have been reported, for example, increased (Koerner et al. 1997 , Compton and Boone 2000 , Richter et al. 2000 or decreased N content of mineral soil (Ellert and Gregorich 1996) , increased (Ellert and Gregorich 1996 , Koerner et al. 1997 , Compton and Boone 2000 or lowered (Kalisz 1986 ) P content, increased K (Goovaerts et al. 1990 ), Ca (Kalisz 1986 ) and Mg (Goovaerts et al. 1990) contents, and higher pH (Kalisz 1986 , Goovaerts et al. 1990 , Koerner et al. 1997 . Moreover, agricultural land use has long-term effects on the structure of the microbial community (Buckley and Schmidt 2001) , which in turn affect decomposition of organic matter, nutrient cycling and nutrient availability. These findings and those of other studies consistently suggest that former agricultural land use may have a significant effect on soil properties, lasting at least several decades or even centuries (Sandor and Eash 1995 , Entwistle et al. 1998 , Richter et al. 2000 , Dupouey et al. 2002 .
Site productivity is a result of the combined effects of physical, chemical and biological site factors and prevailing climate. For plant growth, in addition to sufficient supply of light and heat, the availability of nutrients, oxygen and water from the soil must be adequate. Commonly used indicators of soil fertility, which is defined as the ability of the soil to supply and sustain adequate amounts of nutrients for plant growth, are plant-available nutrient content, total nitrogen content, pH and organic matter content of soil (Schoenholtz et al. 2000) . The supply of nutrients in the soil at any point in time is the net balance between additions and removals of nutrients in the available pool, the course of which are both natural and influenced by human activity. Nutrients are added through mobilization processes such as weathering of soil minerals, decomposition of organic matter, fixation of nitrogen and atmospheric deposition. In addition, nutrients are added through land use practices such as liming and fertilization. Nutrients are lost from the rooting zone through leaching and nutrient uptake of plants and become unavailable for plant uptake due to immobilization, i.e. chemical reactions including precipitation, adsorption reactions and ionic fixation.
Soils of varying texture generally differ in their mineral composition and consequently, in their nutrient contents. The contents of mica, chlorite, vermiculite, smectite and amorphous materials in soil decrease with increasing particle size, while the contents of feldspars and quartz increase (Sippola 1974) . In Finnish agricultural soils, the contents of total K and Mg are higher in the clay fraction than in coarser fractions, while the total content of Ca is lower (Kaila and Ryti 1968) . Furthermore, the contents of exchangeable K, Ca and Mg increase with an increase in clay content while the content of soluble P decreases (Lakanen and Hyvärinen 1971 , Kaila 1972 , Sippola and Tares 1978 , Urvas et al. 1978 . Thus, soil mineralogy and texture are inter-correlated and in an interacted way control the availability of nutrients from mineral soil. Depending on organic matter content, soils differ in their contents of nutrients. In general, the pH and contents of exchangeable cations (K, Ca, Mg) are lower in peat soils than in mineral soils (Sippola and Tares 1978) . In peat soils, peat types having different botanical compositions differ in their chemical composition (Bohlin et al. 1989) . Consequently, the contents of exchangeable of cations are higher in Carex peat than in Sphagnum peat (Sippola and Tares 1978) .
Soil water-retention characteristics (retention curves) are important soil properties as soil pore-size distribution directly determines the amount of water that can be retained by the soil at a given matric potential, and inversely the air-filled porosity (Hillel 1982) . Soil water content between fixed matric potentials is commonly used as a measure of water availability. Matric potentials used as the upper limit of plant-available water content (field capacity) have been reported to vary from -5 kPa to -33 kPa, while matric potential used as the lower limit (permanent wilting point) has commonly been -1500 kPa (McKeague et al. 1984) . Available water content has been related to easily measurable physical properties of soil such as bulk density, organic matter content and particle-size distribution; but the relationship between available water content and these soil properties varies among textural classes and horizons (Salter and Williams 1967 , Shaykewich and Zwarich 1968 , Rivers and Shipp 1972 , Reeve et al. 1973 , Hudson 1994 .
Availability of oxygen to roots depends on the rate of gaseous exchange (i.e. diffusion of oxygen into and diffusive removal of excess carbon dioxide from the soil) between the atmosphere and the growth medium. This soil aeration is positively related to air-filled porosity and negatively related to water content (Glinski and Stepniewski 1985) . For mineral soils, an air-filled porosity of 10% is usually given as the minimum limit for gaseous diffusion and 10-15% for root respiration and growth, although in situ these values may actually vary from 5 to 30% (Wesseling and Wijk 1957 , Vomocil and Flocker 1961 , Magnusson 1992 , Xu et al. 1992 , Zou et al. 2001 . In organic soils, such as peat, optimum air-filled porosity for tree seedlings may even be over 40% (Puustjärvi 1977 , Lähde and Savonen 1983 , Heiskanen 1995 . In general, air-filled porosity is larger in coarse-textured mineral soils than in fine-textured soils and decreases with increasing bulk density (Heinonen 1954 , Archer and Smith 1972 , Reeve et al. 1973 ).
In Finland, over the past century the production potential of a forest site is estimated on the basis of its floristic properties (Cajander 1909 , Cajander 1926 , Cajander 1949 . In Cajander's system of classification for mineral soils, site types are arranged into a floristicecological continuum that, presuming sufficient soil water is available, indicates that the Ca pool in the soil is the primary factor determining site productivity (Valmari 1921 , Cajander 1926 , Urvas and Erviö 1974 . This site type classification system is broadly related to particle-size distribution of soil as it is typical that classes of lesser productivity potential appear on sites having coarse-grained and, most often, sorted soils (Aaltonen 1941, Urvas and Erviö 1974) . However, site types indicating high productivity may also appear on coarse-grained soils as a result of auxiliary water supply, although site types of high productivity are more common on soils rich in fine-grained material. In peat soils drained for forestry, pools of N, P, K and Ca indicate the site productivity (Kaunisto and Paavilainen 1988, Westman and Laiho 2003) . The importance of pH and N, especially the supply of mineral N, in characterizing soil nutrient regimes and site productivity has been reported elsewhere (Wang 1997 , Giesler et al. 1998 , Wilson et al. 2001 .
Upon afforestation of agricultural land, to meet the objectives of forest management, information on soil chemical and physical properties and their effects on site productivity are needed to formulate site-specific management recommendations and policies. Such objectives may include wood production, preservation of biodiversity, preservation of recreational values, protection of groundwater quality and sequestration of atmospheric carbon. From the standpoint of silviculture, however, the chemical and physical properties of soil on arable land are poorly known. Furthermore, land-use change from agriculture to forestry induces a special problem for estimation of site productivity. The site productivity of forest land, which is defined as the ability of a site to produce wood biomass per unit area over a given time, is estimated based on site properties, stand properties or a combination of the two (Hägglund 1981) . Methods of site classification for forest soils that are based on ground vegetation or stand properties are not feasible due to the absence of floristic properties inherent to forest ecosystems and to the absence of trees. Depending on management history, planted tree species and site fertility, such non-forest floristic properties may prevail in a plant species community for decades, centuries or even indefinitely (Bråkenhielm 1977 , Peterken 1993 , Dupouey et al. 2002 . Thus, prior to afforestation, estimation of the site productivity of former arable land for forest production must be based on soil properties. Site productivity cannot be measured directly from soil properties, but must be inferred from those soil properties that serve as indicators of productivity.
Objectives
The main objectives of this thesis were to study the soil water-retention characteristics and fertility of afforested arable land and to assess the potential implications of these soil characteristics for site productivity. In order to achieve this aim, the following specific objectives were set: 1) to characterize soil matrix by bulk density, densities of mineral matter and organic matter, and particle-size distribution (I, II, III, VI); 2) to examine soil water-retention characteristics, plant-available water content and airfilled porosity and to determine the effect of soil depth, organic matter content and particlesize distribution on these soil properties (I, II); 3) to examine soil fertility characterized by pH, density of total N and densities of extractable nutrients and to determine the effect of soil depth, organic matter content and particle-size distribution on these soil properties (III, VI); 4) to examine changes in soil fertility caused by agriculture (IV, V); 5) to estimate the site productivity of afforested arable land based on soil properties (VI).
MATERIAL AND METHODS

Approach
Afforested arable lands were randomly sampled in order to study their soil matrix, soil water-retention characteristics and soil fertility (I, II, III, VI). Soil fertility, availability of water and soil aeration were used as measures of quality of the soil as a growth medium for forest trees from the standpoint of timber production. Instead of directly measuring nutrient, water and aeration conditions in soil, nutrient and water availability and aeration were inferred from measured soil properties. This approach was chosen because physical and chemical conditions are transient states in soil and their measurement in the field is difficult, time consuming, costly and impractical due to the high degree of spatial and temporal variability (e.g. Rawls et al. 1991 , van den Berg et al. 1997 . Soil fertility was measured as levels of pH, density of total N and densities of nutrients that are extractable with acid ammonium acetate. Air-filled porosity was used as an indicator of soil aeration and was measured as the volume fraction of air-filled pores at matric potential -10 kPa (field capacity). Water content retained between -10 kPa and -1500 kPa matric potentials was used as an indicator of water availability. To examine changes in soil fertility caused by agriculture, the soil fertility of afforested arable lands was compared to that of adjoining continuously forested sites (IV, V). To estimate the site productivity of afforested arable land based on soil properties, the key components of soil fertility discriminating among site types of continuously forested sites, expressed as in the forest site type classification system (Cajander 1949) , were identified and site productivity was estimated from soil properties using discriminant functions derived from continuously forested sites (VI). In this study, soil samples from the upper horizon of mineral soil were used to represent the current level of site productivity and soil samples from the deeper C-horizon to represent the original soil fertility that prevailed before agricultural land use altered the upper soil horizon.
Study sites
The material used to study the soil matrix, soil water-retention characteristics and soil fertility of afforested arable land consisted of 38 sites chosen randomly among arable lands afforested with Scots pine (Pinus sylvestris L.) in 1973-1974 and 1981-1982 (Table 1, I, II,  III, VI) . Thus, at the time the sample plots were established, the ages of the plantations were 11-12 or 19-20 years. The sites are located in western Finland and scattered over an area of 5500 km 2 ( Figure 1 ). The mean effective temperature sum (threshold 5 °C) of the region is 1000 degree days and the mean annual total precipitation is 577 mm, while the mean accumulated precipitation from May to September is 280 mm. The elevation of the sampled sites varies from 65 to 122 m above sea level. The plantations were all situated on level ground. This study region started to emerge from the sea some 7000 years ago. The soils in this region are thus geologically young, less weathered and less leached than average soils in Finland (Aaltonen 1941) . This material was supplemented with 22 fields on peat soil afforested with Scots pine (Pinus sylvestris L.) or Norway spruce (Picea abies (L.) Karst.) situated in North Savo, central Finland (III). The criterion used for selecting these study sites was that the sites had a peat layer more than 40 cm thick.
At each site, as a rule two circular sample plots 100 m 2 in area were delimited. However, if the area of the site was small, only one sample plot was established. The material of this data set included a total of 73 sample plots plus 35 plots from the supplemented material. The soils of the sample plots were classified into mineral soils, mull soils and peat soils according organic matter concentration: mineral soils had a concentration of organic matter less than 15% in the 0-20 cm soil layer, mull soils had a concentration of organic matter that was 15-40% and peat soils had a concentration of organic matter that was 40% or more (Aaltonen et al. 1949) . The peat soils were divided into two classes according to the depth of the peat layer: deep peat soils where the peat layer was over 30 cm thick and shallow peat soils where the peat layer was less than 30 cm. The mineral soils of this data set are mostly Mollic Gleysols, but there are also soils having the features of Haplic Podzols, Eutric Regosols and Humic Cambisols (FAO 1988 ). On each sample plot, separate sets of soil samples were taken for analyses of nutrients and for analyses of water-retention characteristics. For analyses of water-retention characteristics, volumetric soil samples (162 cm 3 )
were collected using open-ended metal cubes (I, II). One sample per soil depth (5-10 cm, 15-20 cm, 25-30 cm, 35-40 cm) was collected from each sample plot. For nutrient analyses, the soil samples were taken from five soil pits of which one was dug in the centre and the other four were dug at even distances along the circumference of the plot (III, VI). Volumetric soil samples were taken with a soil corer at soil depths of 0-10 cm, 10-20 cm, 20-30 cm and 30-40 cm. If the soil layer to be sampled consisted of clearly different soil horizons, sub-samples were taken from a given horizon and the horizon thickness was measured. The soil samples were bulked into one composite sample for each sample plot and soil depth.
To examine changes in soil fertility due to agricultural land use, pairs of afforested arable land and adjoining continuously forested sites located in central and southern Finland were chosen (IV, V). On peat soils, the six pairs were chosen using the criteria that (i) the afforested peat field was originally cleared from the adjoining peatland and (ii) the peat layer was at least 40 cm thick (IV). At each location, two circular sample plots 100 m side of the ditch separating the arable land from forest. On each sample plot, the soil samples were taken from three locations, of which one was in the centre and the other two were opposite each other on the circumference of the plot. Volumetric soil samples were collected from 0-5 cm, 5-10 cm, 10-20 cm, 20-30 cm and 30-40 cm soil depth and bulked into one composite sample for each sample plot and soil depth. On mineral soils, the twelve pairs were selected using the criteria that (i) Norway spruce (Picea abies (L.) Karst.) was the dominant tree species on both the afforested arable and its adjoining forest, (ii) the adjoining site had been continuously forested and (iii) the afforested arable land and its adjoining forest had similar soil texture (V). At six locations the afforested arable lands had been afforested in 1990, and at another six locations they had been afforested in the 1930s. Thus, at the time the sample plots were established, plantations were 10 or 60-70 years old. At each location, three circular sample plots, each 100 m 2 in area, were randomly placed 10-30 m from each other both on the afforested fields and on their adjoining forests, except in one location where only four sample plots were placed. Volumetric soil samples were collected from the organic soil layer and from mineral soil at soil depths of 0-10 cm, 10-20 cm, 20-30 cm and 30-40 cm.
To identify the key properties of soil fertility that discriminate among site types of forests, 30 sites located in central Finland were sampled (VI). These sites represent a fertility gradient in which site fertility varies from the dry and less productive Calluna site type to the moist and highly productive Oxalis-Myrtillus site type. From each stand, core samples were collected by horizon from three soil pits: the humus layer (O), the leached E horizon (E), the upper B horizon (B1), the lower B horizon (B2), and the parent soil material (C horizon). Prior to analyses, the three sub-samples were combined by horizon into one composite sample.
To estimate site productivity of afforested arable land based on soil properties, randomly chosen sites on mineral soils located in western Finland were used (VI). The material of this data set includes 40 sample plots situated on 24 sites. On each sample plot, the soil samples were taken from five soil pits, of which one was dug in the centre and the other four were dug at even distances along the circumference of the plot. Volumetric soil samples were taken with a soil corer at soil depths of 0-10 cm, 10-20 cm, 20-30 cm and 30-40 cm. The soil samples were bulked into one composite sample for each site and soil depth.
Soil analyses
Water-retention characteristics of the soil samples were measured at matric potentials of -1, -5, -10, -100 and -1500 kPa (I, II). The air-filled porosity and the plant-available water content were calculated from the measured water retention values. The total porosity of the soil samples was calculated from the bulk density and the density of solids. The bulk density was estimated as the ratio of dry mass to the total soil volume determined after saturation. The organic matter content was determined as a percentage of the loss of mass after ignition at 550 °C. The density of solids was measured on 63 randomly chosen samples using a pycnometer with water as filling liquid, and heating in a water bath (Heiskanen 1992) . Soil colour was determined either with a tristimulus colour analyser or visually with Munsell colour charts. After organic matter was removed from the samples with H 2 O 2 , the particle-size distribution was determined by dry-sieving and sedimentation method (Elonen 1971) .
Prior to nutrient analysis, soil samples were sieved through a 2 mm mesh sieve, roots were removed, and the samples were air-dried and stored at room temperature. After HCl extraction of ignition residue, soil samples from peat soils were analyzed for total P, K, Ca, Mg, Fe, Mn and Zn concentrations (III, IV). The total N concentrations of all soil samples were determined by the Kjeldahl method (Halonen et al. 1983 ) (III, IV, V, VI). After extraction with 0.5 M NH 4 OAc (pH 4.65) (Halonen et al. 1983 ), concentrations of extractable P, K, Ca, Mg, Mn, Fe and Zn were determined either with inductively coupled plasma emission spectrometry (ICP) or with an atomic absorption spectrophotometer, and P concentration by colorimeter using the molybdenum blue method (III, IV, V, VI). After H 3 PO 4 -H 2 SO 4 extraction of ignition residue or digestion of the soil samples with HNO 3 -H 2 O 2 in a microwave oven, the concentration of extractable B was determined (III, IV, V). Soil pH was measured in distilled-deionized water from dried soil samples using a 1:2.5 soil -solution suspension (III, IV, V) or in a 0.01 M CaCl 2 suspension (VI).
Amounts of nutrients at different soil depths were calculated on the basis of oven-dry (105 °C) weight of the soil samples using bulk densities and expressed on an area basis for the sampling depth (kg ha -1 ) (III, IV, V). The amount of organic matter for each soil depth was calculated by multiplying the concentration of organic matter by the bulk density and was expressed on an area basis for sampling depth. Nutrient values were also expressed as densities of nutrients in soil (mg cm -3 ) at different soil depths and were calculated on the basis of nutrient concentrations and oven-dry (105 °C) weight of the soil samples using bulk densities (VI). 
Statistical analyses
In peat soils, to determine the effect of soil depth and organic matter content on the waterretention characteristics, repeated measures analyses of variance was used (I). In mineral and mull soils, the effect of soil depth, organic matter content and particle-size distribution on water content at selected matric potentials, air-filled porosity and plant-available water content was tested with mixed linear models (II). To estimate the potential linear relationships between the soil properties, correlation and regression analyses were used.
To determine the effect of soil depth and organic matter content on pH and on amounts of nutrients in peat soils, repeated measures analyses of variance was used (III). To determine the effect of soil depth, organic matter content and particle-size distribution in mineral soils on pH, density of total N and densities of extractable nutrients, mixed linear models were used (VI).
To examine changes in soil fertility of peat soils due to agriculture, differences in soil properties between former arable lands and continuously forested sites were tested with a t test for paired samples (IV). In mineral soils, differences were tested separately for each soil depth with ANOVA (MIXED) as a multilocation trial (V). In the data analyses, the focus was on land-use effects averaged over entire populations represented by the various locations.
In order to identify the soil properties that best reveal the differences among site types, soil properties from the E horizon of forest soils were subjected to discriminant analysis (SAS 1989) using stepwise selection (VI). Canonical discriminant analysis was then used to classify sites from forest soils into site types. Next, the derived discriminant functions were applied to classify 24 sites from afforested arable land situated on mineral soil into forest site types using soil properties from the 0-10 cm soil layer. The same above-mentioned discriminant analysis was repeated for the C horizon of forest soils and for the 30-40 cm soil layer of afforested arable land. Finally, cluster analysis was used to group soils from the 0-10 cm soil layer of arable land into clusters with similar soil properties.
RESULTS AND DISCUSSION
Soil matrix
Use of machines in agricultural operations can result in increased soil compaction, bulk density and, consequently, physical degradation of the soil (Soane et al. 1981 , Domżał et al. 1993 , Alakukku 1999 . Soil compaction, in turn, may result in mechanical resistance and reduced root growth (Siegel-Issem et al. 2005) . The results of this study showed no indication of soil compaction in afforested mineral soils. On the contrary, the bulk density of soil on afforested arable land was lower than that in soils from continuously forested sites (V). In contrast to this finding, it has been reported that the bulk density of soil is lower in mineral soils under forests than in soils under field crops (Rolfe and Boggess 1973 , Messing et al. 1997 , Compton et al. 1998 ). The lower bulk density of mineral soil in afforested arable land found here, compared to forest soils, is probably a legacy of agriculture because tillage decreases the bulk density of soil and increases the total porosity (Lindstrom and Onstad 1984) . Furthermore, the increased organic matter content of soil in former arable land also results in decreased bulk density due to the inverse relationship between organic matter content and bulk density (Adams 1973 , Federer et al. 1993 . In mineral and mull soils, the organic matter content decreased markedly lower down in the soil profile and the bulk density increased (Figure 2) . The mineral soils of the afforested arable land contained more organic matter in the 0-20 cm soil depth than in adjacent continuously forested sites (V, VI). This indicates that agricultural land use increased the organic matter content of soil, which is in contrast to the view that in most cases cultivation results in loss of organic C from the soil compared to the original C content (Mann 1986, Davidson and Ackerman 1993) . The increase in organic matter content in the afforested arable lands studied here is, in addition to boreal climate, a result of the use of organic amendments and incorporation of residues and below-ground litter from agricultural crops into the soil. Furthermore, liming of fields during the agricultural period may have had a stabilising effect on the organic matter, thus contributing to its accumulation (Oades 1988) .
In contrast to mineral soils, peat soils of afforested arable land had higher bulk density in soil at the depth of 0-20 cm than did peatlands drained for forestry (I, III, IV) . This is in accordance with the results of other studies (Kaunisto 1991, Hynönen and Makkonen 1999) . High bulk density of soil was due mainly to the use of mineral soil as a soil ameliorant or to mixing mineral soil during ploughing from the mineral soil underlying a shallow peat layer. In western Finland, the amount of added mineral soil was found to be, on average, 230 m 3 ha -1 , while in central Finland the corresponding amount was 630 m 3 ha -1
(III). Most of the added mineral soil was still located in the uppermost soil layers (0-20 cm depth) while minor amounts had been transported to deeper soil layers (III), as has been found in other studies (Kaunisto 1991, Hynönen and Makkonen 1999) . In addition, soil compaction and more advanced decay of the peat due to enhanced decomposition probably have also had an effect on bulk density and ash content.
In terms of densities of mineral and organic matter, mull soils are a soil class intermediate between mineral soils and peat soils (Figure 2 ). It is likely that mull soils have originated from peatlands with a shallow peat layer, which during decades of cultivation has decomposed (Valmari 1983, Myllys and Sinkkonen 2004) . Accordingly, in mull soils, in most cases peat remnants mixed with mineral soil were still recognisable (II).
Mineral and mull soils were commonly located on fine-textured clay and silt soils and thus had finer texture than forest soils in general (II). In Finland, some 80% of mineral forest soils are till soils in which the prevailing particle fraction is fine sand (Ilvessalo 1933 , Aaltonen 1941 , Tamminen 1991 . In contrast to forest soils, agricultural mineral soils are clearly more fine-textured, sorted soils, except in the eastern part of the country where the prevailing soil type is till (Kähäri et al. 1987) . In eastern Finland afforested arable lands are also more commonly located on silty or sandy till (Hynönen and Saksa 1997) .
Soil water-retention characteristics
In afforested mull soils, total porosity and water retention were generally higher than in mineral soils in the entire profile but lower than in peat soils (I, II). In afforested peat soils, the total porosity was lower than that of a natural Sphagnum bog peat (Päivänen 1973 ) and commercial peat growth media (Heiskanen 1993b) ; nevertheless, water retention at low matric potentials was considerably higher. In mineral soils and mull soils, total porosity and water retention capacity were highest at a soil depth of 5-10 cm and decreased with increasing depth in the profile (Figure 3, II) . In deep peat soils, the relation to depth in soil was the opposite: total porosity and water retention capacity were lower at a depth of 5-10 cm than deeper in the soil (I).
In all four soil classes and at all sampling depths, most water was retained within the matric potential range -100 kPa to -1500 kPa, indicating that small pores (diameter 0.2-3.0 µm) made up the predominate pore size class (I, II). In mineral soils, the predominance of small pores may be attributed to the fine texture of the soils. In mull soils, in addition to fine-grained mineral material, decomposed peat material also contributes to the abundance of small pores. Apparently, cultivated peat soils have lost their original structure due to compaction and decomposition of peat. In cultivated peat soils, water retention is predominantly characterized by micro-pore formation caused by biochemical transformations of plant constituents in decomposition (Flaig 1986 ). In forest soils, the Figure 3 . Mean volume of unavailable water (at -1500 kPa), available water (water content between -10 kPa and -1500 kPa), air-filled porosity (at -10 kPa) and solids of soil on afforested arable land by soil types and soil depths. Bars show plus or minus standard deviation.
occurrence of lignified roots and abundance of empty root channels resulting from the decomposition of dead roots may give these soils a greater volume of macro-pores compared to agricultural soils (Messing et al. 1997) . Therefore, it can be assumed that in soils of afforested arable land, the root channels will increase the volume of macro-pores in soil over time. However, in this study, the effect of trees on the pore-size distribution of the studied soils was minor due to the young age of the sampled plantations.
In all soils, in general, the air-filled porosity was less than 20% in the topmost soil layer and decreased significantly with increasing soil depth (I, II). Among the mineral soils investigated in this study, with a median particle size of <0.02 mm (clay and silt soils), the air-filled porosity was significantly lower than that in the coarser textured soils, as was previously found in agricultural soils (Heinonen 1954) . In mull soils, texture did not affect air-filled porosity. Air-filled porosity decreased with increasing bulk density, however, which is consistent with the findings of other studies (Archer and Smith 1972, Reeve et al. 1973) .
In mineral soils in general, the plant available-water content of soil increases with an increase in silt content (Salter et al. 1966 , Petersen et al. 1968 , Shaykewich and Zwarich 1968 . Accordingly, in Finnish cultivated mineral soils, the available-water content is highest in silty soils (Heinonen 1954) . In this study, however, there was no difference in the available-water content between soils having different textures (II). Here, due to the wide range of variation in organic matter content, the available-water content was dependent on organic matter content. Similar results have been reported also earlier (Hollis et al. 1977 , Hudson 1994 ). On the other hand, water content at -1500 kPa matric potential (i.e. the lower limit for the available-water content) was positively correlated with clay content, which is consistent with the findings of Kivisaari (1971) and Manrique et al. (1991) .
Air-filled porosity and available-water content are crude measures of potential aeration and water availability; and they may not describe accurately the actual water and aeration conditions under different management regimes, growth media and plant growth phases (Ritchie 1981 , Heiskanen 1993a ). However, air-filled porosity and available water content are useful for measuring relative differences within and among soils. The present results on soil water-retention characteristics suggest that, considering the adequacy of aeration and water availability for forest growth, the soils of afforested arable land are generally rather unfavourable. On fine-grained mineral soils and in peat soils, when an air-filled porosity value of 20% is attained, the soil matric potential would be lower than -100 kPa and water availability would be less than optimum. On the other hand, when the soil matric potential is >-100 kPa and water availability is within the favourable range, the air-filled porosity value would be less than optimum. Therefore, the results suggest that in fine-textured mineral soils and in peat soils the favourable range for water and aeration conditions is rather narrow and would thus be difficult to reach. In all soils, the air-filled porosity below soil depths of 10 cm was commonly so low that root penetration may be inhibited and the formation of superficial root systems promoted (Paavilainen 1967) . High water-retention capacity in soil may lead to high water content and low air-filled porosity, which can cause water logging and hypoxia (Lotocki 1977 , Heiskanen 1995 . Consequently, among afforested arable soils, in mull soils and also in many mineral soils, gleyic properties were frequently typical for soil layers below 20 cm soil depth. Indeed, this finding suggests prolonged periods of water saturation and reducing conditions during the year.
Soil fertility
According to the present results, the soils of afforested arable land had high pH value and high concentrations and amounts of nutrients in the topsoil compared to those of continuously forested sites (IV, V, VI). Similar nutrient levels in soils of afforested arable land have also been reported previously (Hynönen 1992 , Kinnunen and Aro 1996 , Hynönen and Makkonen 1999 , Hynönen 2000 , Hytönen 2003 . The former agricultural land use has apparently increased the nutrient pools in the soil due to use of organic amendments and inorganic fertilizers. Furthermore, liming has increased the Ca and Mg contents of the soil, and consequently raised the soil pH. In addition, fine-textured mineral soils have differing mineralogy compared to coarse-textured soils; and thus the contents of exchangeable K, Ca and Mg tend to increase from sand soils to clay soils while soluble content of P is highest in coarse textured soils (Kaila 1972 , Sippola 1974 , Urvas et al. 1978 . Thus, in the mineral soils of the afforested arable land studied here, the high levels of nutrients in the soil are also partly an inherent property of these fine-grained soils. On afforested peat soils, mineral soil matter added as ameliorative to the organic soil also increased the amounts of most nutrients. Nitrogen and boron are, however, not influenced by such additions (III, IV). The results of the present study for 60-to70-year-old afforestations support the view that agricultural land use has a long-term effect on the chemical properties of soil (Goovaerts et al. 1990 , Sandor and Eash 1995 , Koerner et al. 1997 , Compton and Boone 2000 , Richter et al. 2000 .
In addition to differences in the densities of nutrients, the afforested fields studied here differed from forest soils in terms of distribution of nutrients within the soil profile (IV, V). On mineral forest soils, the organic O horizon on top of the soil is the layer that has the highest concentrations of plant-available nutrients (Urvas and Erviö 1974) . The O horizon is therefore a main source of nutrients for plants. In the afforested arable lands studied here, the mass of the newly formed O horizon was still low compared to continuously forested sites, even 60-70 years after afforestation (V). On such sites, the thin organic layer contained relatively small amounts of nutrients, despite high concentrations of nutrients. In afforested arable land, the formerly cultivated layer (0-20 cm top soil) was richer in nutrients than the underlying non-broken parent matter soil and would therefore be the main source of nutrients for the developing forest (Figure 4) .
The mean nutrient densities of soil and pH of afforested arable land were lower than those of soils under cultivation (Table 2 ). This may result from lower inherent soil fertility of afforested sites, as arable land of low fertility is more likely to be afforested than are productive lands of high fertility (Selby 1980) . It is also possible that afforested arable lands have received less lime during the former cultivation period than arable land still under cultivation or that the effect of liming has decreased since afforestation. Nevertheless, the mean densities of extractable K, Ca and Mg and pH value in topsoil of afforested arable land were substantially higher than those in the most fertile forest soils (Table 2) . Data for forest soils is from 0-30 cm soil depth of the most fertile forest sites (Tamminen 1991) .
2)
Data for mineral soils of arable land is from plough layer of finer fine sand soils and for peat soils from Ligno carex peat (Kähäri et al. 1987) .
3) Data for afforested arable land is from 0-10 cm soil depth of this study. 4) Data for forested peat soils is from 0-10 cm soil depth of fertile spruce mires (Kaunisto and Paavilainen 1988) . In the mineral soils of afforested arable land studied here, throughout the entire profile, the density of total N was lower and densities of extractable P, K and Mg were higher than in the organic soils (Figure 4) . In all soils, however, the density of extractable Ca in the topsoil was the same. Among mineral and mull soils, clayey and silty rich soils separated from more coarse-textured soils owing to their inherently higher content of basic elements (VI). This means that despite the equalizing effect of fertilization and liming on formerly cultivated soil, texture still controls pools of nutrients available for plant uptake (Lakanen et . 1970, Lakanen and Hyvärinen 1971) . Among peat and mull soils, nutrient densities in the topsoil were rather similar, except for P density, which was highest in deep peat soils. This is somewhat in contrast to findings in Finnish agricultural soils, in which the contents of exchangeable cations in mull soils are higher than those in peat soils (Sippola and Tares 1978) . In contrast, as found in this study, soluble P is highest in peat soils. Evidently, liming, fertilization and use of organic amendments had equalized the difference in nutrient densities between the organic soils studied here. The addition of mineral soil on top of peat soils certainly has also decreased the difference between mull soils and peat soils.
Estimation of site productivity based on soil properties
Measurement of soil fertility through chemical analysis of soil is problematic due to the fact that the available pools of nutrients are dynamic, there are a large number of chemical forms of nutrients, uncertainties exist concerning appropriate analytical methods for estimating the pools of available nutrients and about choice of expression of analytical results (Tamm 1964 , Schoenholtz et al. 2000 . In Finnish forest soils, Ca and N concentrations are soil properties that best distinguish between the site types on mineral soils (Valmari 1921 , Cajander 1926 , Urvas and Erviö 1974 , Tamminen 1991 as well as on peat soils (Starr and Westman 1978 , Westman 1981 , Westman and Laiho 2003 . In this study, discriminant analysis produced similar results (VI). The derived discriminant functions classified all sites from afforested arable land into forest site types of high fertility on the basis of densities of Ca, P, silt and pH in the 0-10 cm soil depth (VI). Based on high nutrient densities of soils on afforested arable land, the site productivity would be even higher than that of OMT sites. In this study, the site-type continuum used for comparison did not include the most fertile sites of forests, which have cambic mull soils and herb-rich vegetation. Such soils are rare and cover less than 1% of the forest area in Finland, and it is uncertain whether soils from arable land are of such a fertility level.
The results, however, suggest that afforested arable lands have higher soil fertility and hence higher capacity for tree production than do the most common Finnish forested sites. This finding is supported by the large volume of stems on sites afforested 60-70 years ago (V). In Sweden, trees growing on former farmland have also been reported to have a high production capacity (Johansson 1996 , Karlsson et al. 1997 . In general, site productivity of afforested arable land measured using the site index has, however, varied from being a VT site of poor fertility to exceeding that of OMaT sites, which is the most fertile site type among forest sites (Vuokila 1980 , Oikarinen 1983 , Kinnunen and Aro 1996 , Saramäki and Hytönen 2004 . This suggests that the material of this study did not cover the whole range of soils on arable land or that in some cases estimation of site productivity based on soil properties yields overestimates. In this study, such overestimates of site productivity may result from factors that limit tree production, which were not included in the discriminant functions. The results of this study indicated that such a factor is the low air-filled porosity in a large proportion of soils on afforested arable land (I, II). Other adverse factors reported on afforested arable land, which may limit tree production capacity, are nutrient-based growth disturbances (Carlyle et al. 1989 , Birk 1991 , Hytönen and Ekola 1993 , Hynönen and Makkonen 1999 , Zas and Zerrada 2003 , acute N deficiency (Richter et al. 2000) and vigorous growth of weeds (Gilmore and Boggess 1963, Ferm et al. 1994) .
Validity of the use of soil properties as a basis for estimation of the site productivity of former arable land for forest production land may be limited in time because changes in the chemical properties of the soil, such as decrease in soil pH, exchangeable K, Ca and Mg content, may occur within a few decades after afforestation (Binkley et al. 1989 ). In such a case, estimation of site productivity prior to or at the outset of afforestation would be valid only for a short period of time. Thus, to remedy the potential risk for change in soil properties over time in estimation of site productivity, in addition to estimation of current site productivity, the inherent site productivity could be estimated from the properties of soil at a depth of 30-40 cm (VI). Soil at this depth is little affected by agricultural use (Kaunisto 1991) . The inherent soil fertility of afforested arable land can also be inferred from the site type of continuously forested sites adjacent to afforested arable land (Hynönen 2000) .
CONCLUSIONS
The results of this research indicated that the soil properties of afforested arable land differ markedly from those of forest soils. The changes in the soil matrix of afforested arable land due to former agricultural land use were manifested as increased organic matter in mineral soils and as increased mineral matter in peat soils. In general, the soils of afforested arable land were characterized by high densities of nutrients, high pH and low air-filled porosity at field capacity (-10 kPa matric potential).
The results suggest that soils of afforested arable land commonly possess critically low aeration for tree growth, which results from the predomination of small pores in the pore space. Therefore to maintain favourable aeration for tree growth, effective drainage and/or mounding of these soils is needed.
Afforested arable lands apparently have higher soil fertility than forests do. Consequently, soils from afforested arable land were classified into forest site types of high productivity. Among these soils, those with high clay and silt content were the most fertile. The high productivity of soils of afforested arable land was attributed to the legacy of former agricultural land use and to the inherent properties of fine-grained soils. The changes in the physical and chemical properties of soil due to former agricultural land use seem to be significant and long lasting to such a degree that the inherent soil fertility of afforested arable land is very unlikely to be regained even over a long period of time.
The change in soil fertility due to former agricultural land use presents a special challenge for sustainable forest management if the desire is to sustain the new humanimposed level of soil fertility and site productivity. On afforested arable land, potential risks for reduced soil fertility over time, such as leaching of nutrients from the soil, immobilization of nutrients in the organic layer and biomass, and acidification of soil, should be studied.
